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Suspended particulate matter in the sea is composed of terrestrial material, derived from the upper continental crust, primarily delivered from discharges of rivers and streams and atmospheric deposition, biogenic material (e.g., opal, calcium carbonate, and organics) formed both in the marine and terrestrial environments, and authigenic minerals formed within the sea. The formation, transport, decomposition, dissolution, burial, and ultimate fate of the biogenic particulate matter is primarily controlled by physico-chemical and ecological parameters such as nutrients, light, temperature, upwelling, food chain dynamics, which in turn could be affected by the changing global climate. The biogeochemical dynamics of particulate matter controls scavenging, cycling, and transport of the so-called GEOTRACES particle-reactive Trace Elements and Isotopes (TEIs) in the marine environment. Understanding the behavior of particle-reactive TEIs in the sea requires accurate determination of their dissolved and particulate concentrations.
Separation of the particulate matter for the determination of radionuclides concentration (activity) from the seawater involves seawater sampling and filtration through a finite pore-size filter. The dissolved and particulate phases are defined operationally by the pore size of the filter used. The most widely used pore sizes range from 0.2 to 1.0 µm. A majority of the filters also have only nominal pore sizes rather than absolute cut-off. The pore size, filtration rate (which is a measure of the contact time of the water containing dissolved species with the filter and also a measure of the pressure exerted onto particles during filtration) and the chemical composition of the filter (due to possible sorption of radionuclide onto filter matrix) could affect the measured concentrations of particulate radionuclides and may differ from the in situ concentration. To assess the effects of pore size, flow-rates, and the composition of the filter material on the measured concentrations of particulate In a related paper (Church et al. 2012 ), we presented analytical results from the intercalibration of dissolved and particulate samples at several GEOTRACES intercalibration sites in the North Atlantic and Pacific. In this article, we append for general use the various factors and assumptions in calculating final 210 Po and 210 Pb data, such as correction factors due to in situ decay and growth of final 210 Po from the presence of 210 Pb before and between times of separation.
Materials and procedures

General considerations
The chemical procedure and radiochemical assay followed by most of the research groups for the measurement of 210 Po and 210 Pb in seawater (either particulate and/or dissolved) are mostly similar (Fleer and Bacon 1984; Friedrich and Rutgers van der Loeff 2002; Hong et al. 1999; IAEA 2009; Kim et al. 1999; Masque et al. 2002; Mathews et al. 2007; Radakovitch et al. 1998; Rutgers van der Loeff and Moore 1999; Sarin et al. 1992; Stewart et al. 2007 210 Po and 210 Pb analysis is an a spectrometer with surface barrier detectors (see reviews in Mathews et al. 2007 and Baskaran et al. 2009a) . Currently, the recommended assay of both dissolved and particulate sea water samples are outlined in the GEOTRACES procedures manual (GEOTRACES 2010)
Sampling of particulate matter
Details on the collection of small-volume (McLane) and large-volume (MULVFS) particulate matter as well as sub-sampling of the filters are given in Maiti et al. (2012) and Bishop et al. (2012) . Water samples were filtered through McLane in situ pumps from two stations during IC-2 cruise: North Pacific at SAFe (Sampling and Analysis of Iron) (30°00¢N; 140°00¢W, 4000 m depth) and Santa Barbara Basin (SBB; 34°17¢N; 120°03¢W, 850 m depth) stations. All the filters (QMA-Quartz microfiber membrane, Supor-polyethersulfone membrane, Millipore HA-mixed cellulose ester membrane and Pall GN6-mixed nitrocellulose membrane) used in the present study are nominal pore sizes and were acid leached with 10% HCl, to remove any metals present in the filter, in a shore-based laboratory before use in the field. The McLane pumps were programmed to operate within a range of 4-8 L/min. The QMA filters used in MULVFS were also acid-leached prior to use in the field (Bishop et al. 2012 Church et al. 2012) .
Digestion of the filter sample
In the open ocean, the suspended particulate matter is usually comprised of < 5% lithogenic material (Chester 1990 ) and hence most of the Pb and Po are present in association with biogenic particulate matter. In the case of 210 Po, there could be some possible transport within the cell material in the biota (Stewart and Fisher 2003a, 2003b) . A number of procedures have been followed in the digestion of the filter material. Since the 210 Pb-laden particulate matter is retained on the filter material, digestion with a combination of HF (to break the Si matrix), HNO 3 (to break the organic matrix), and HCl (to convert to chloride medium) should be sufficient. It is likely that almost all of the biogenic matter is decomposed by concentrated nitric acid digestion method. The Quartz Microfiber (QMAs, with a nominal pore size) as well as glass HCl digestion was repeated twice and to the final residue, another 5 mL of conc. HCl was added and dried; the residue was finally taken in 5 mL 6M HCl; and (ii) in the closed digestion method, 10 mL each of conc. HF-HNO 3 -HCl were added to the Teflon digestion vessel after adding a known amount of 209 Po (~1 dpm) and 1 mL of stable Pb (= 1 mg Pb). The solution was digested at 100°C for 6 h; the digested solution was dried followed by another drying with 5 mL conc. HCl. The final residue obtained from both open and closed digestion methods was taken in 5 mL 6M HCl. To this solution, 20 mL of distilled water was added and the solution was centrifuged to remove solid residue, if needed. This 25 mL of 1.2 M HCl solution was used for electroplating on to a Ag planchet for 4 h at 90°C. A detailed discussion on optimizing various factors to obtain maximum plating efficiency is given in Lee et al. (in press ). The GEOTRACES procedures manual (GEOTRACES 2010) Po . Anion exchange resin column separation will only ensure complete separation of Po from Pb (Chung et al. 1983 ; GEOTRACES procedure manual [GEOTRACES 2010]) . Some research groups assume that allowing the plated solution to sit for 1-2 y will result in the decay of 
Assessment
Blanks
The possible sources of blanks to the activities of Pb. It was demonstrated during GEOSECS inter-comparison study that the best Pb carrier was obtained from galena (PbS) which was reported to have essentially zero 210 Pb Pb concentrations are given in Appendix A.
Intra-filter inhomogeneity of the retained particulate matter
There are inhomogeneities in the distribution of particulate matter retained on the whole surface of the filter, if a whole filter is not used for analysis. A quadrant of 142-mm diameter QMA or Supor filter was found to have inter-filter variability (due to uneven particle loading resulting from particle nature, filter type, pumping system, etc.) of 2.0-2.5%, as opposed to 22 mm-diameter punches that have ~18% inter-punch variability for 234 Th (Maiti et al. 2012) . The inter-pump variability for 22 mm Supor punches (one from each pump) was also found to be ~16% to 18% for 234 Th, ~12% for biogenic silica and 11% for particulate inorganic carbon (Maiti et al. 2012 
Pb in the first and second filters
Although a filter is used for the separation of particulate phase of a chemical species from the dissolved phase in seawater, the distinction between particulate and dissolved phases are operationally defined, with the nominal pore-size (usually 0.2-0.8 µm) as the cut-off for the separation of the phases. However, sorption of the dissolved constituents of seawater on to the filter as well as the accuracy of the nominal size with respect to the particle size has remained an area of concern in selecting appropriate filters for various chemical analyses.
In filters stacked in sets of two, it is traditionally assumed that the top filter quantitatively collected 'particles' above the nominal cut-off of the filter while the bottom filter placed directly underneath was only exposed to the particles smaller than the pore-sized particles and dissolved and colloidal phases (< cut-off of the pore size of the filter). In the present study, the percentage of the Pb was found to be 0.007 dpm and 0.088 dpm, respectively, and is considered to be upper limit for the blank filter. Po (Church et al. 2012 ). This can be compared with blank levels for 234 Th, which was reported to be generally higher in 1 µm QMA compared to 0.7 µm GFF (e.g., Rutgers van der Loeff et al. 2006), although recent study found negligible 234 Th blank in QMA filters (Maiti et al. 2012) . Thus it appears that there are inhomogeneities in the nature of QMA blank levels depending on the batch and place where they are manufactured and the rigor of acid cleaning before their use in the field. Fig. 5A ). The variation in the 210 Pb p activity with the flow rates is given in Fig. 5A Pb in the back-up filter (QMA, 1 mm) versus activity in the top filter (samples for IC-2 cruise, data given in Table 3 ). 
Pb activity between small-volume (McLane) and large-volume (MUL-VFS) filtration
The filtration rate of the McLane pump varied between 6 and 8 L/min while the filtration rate with the MULVFS pump was 59 L/min at SAFe sampling station in the North Pacific during IC-2 cruise. Pb p AR obtained by both pumps (1.0 µm nominal pore-size QMA in both cases; prefilter: 51 µm) are given in Table 6 and Fig. 6A Po p in small-volume with largevolume pumps indicates that the activities in MULVFS filter samples are higher by a factor of 1.1 to 2.1 than that of McLane filter samples (Table 6 ). In the case of Pb ratios are somewhat larger in MULVFS-QMA filter (3.4 to 13.0, mean = 7.0, n = 10) compared with the prefilter (4.5 to 8.9, mean = 6.5, n = 6), and this is attributed to higher concentrations of 210 Po in 1-51 µm range compared with > 51 µm. The 210 Po/ 210 Pb AR in particulate matter collected by McLane pump is distinctly lower (0.6 to 6.3 except one sample, Table 6 , mean = 3.8, n = 7) than that of MULVFS (4.1-13.0, Pb in SAFe station show quite similar values (within the propagated errors), except in the mesopelagic waters (Fig. 8) . However, there appears to be a consistent difference between the two labs for Po-B appears likewise to be quite consistent in both the profiles, with the largest deviation at some mid-depths, primarily due to differences in the activities and associated errors of 210 Po. Both labs have used RGU-1 primary standard to consistently validate the 209 Po spikes as intercalibrated in the SRM exercise (Church et al. 2012 ). Thus, we strongly recommend that collaborative labs periodically intercalibrate their primary spikes and aliquots gravimetrically. The intercomparison of the 210 Po/ 210 Pb activity ratios for both SAFe and SBB station are generally good, except in the meso-pelagic depth at SAFe and surface water of SBB station, and it could be due to uneven loading of particulate matter (such as presence of larger gelatinous plankton) in the filter.
Discussion
Volume of water samples:
In the measurements of particulate and dissolved 
Po and 210
Supor filters appear to be superior for collecting particulate matter from larger volumes of water. If in situ pumps are not readily available, it is recommended to use 50 L volume composited from multiple Niskin bottles and filtration to be done through 0.4 µm, 142 mm diameter Supor filters. As a general rule, the required volume for particulate Pb measurements (Church et al. 2012) .
Why high activities of 210
Pb and 210
Po in the second filter The activities in the second filter (back-up filter) are quite significant and could be from any or a combination of the following sources: (i) fine particulate matter including colloidal material containing these nuclides sorbed on to the second filter; (ii) break-through of the filter material from the first filter; and (iii) particulate matter passing through the filter paper as the cut-off is only nominal, not absolute, and a certain fraction of the particulate matter above the pore size of the filter is expected to pass through the pores of the filter. If the second filter retains some of the dissolved Pb and Po, then we expect the removal of some of the dissolved Po and Pb on to the first filter also. It has been shown that colloidal C and 234 Th in 0.45 µm-10-kD accounts for ~10% of the dissolved (< 0.45 µm) fraction whereas 0.45 µm-1-kD accounts for about 20% to 60% (e.g., Santschi et al. 1995) . Some of the colloidal material that passes through the first filter could also be retained in the second filter. The blank filters did not have significant amount of dissolved 210 Po or 210 Pb (Table 1 and Table  4 in Church et al. 2012) suggesting that the passive sorption of 210 Po and 210 Pb are likely negligible, as evidenced by the activities in the dip blanks (Table 1) . Therefore, the bottom filter appeared to collect particulate 210 Po and 210 Pb that passed through the first filter. When water samples were pumped through a filter, the amount of dissolved and colloidal 210 Po and 210 Pb retained on the filter could be different than those retained from the passive sorption. Similar observation that GFFs and QMAs also retain dissolved Th and DOC (but not Ag or Nuclepore filters that have absolute cut-off pore-sizes) have been reported earlier and this was attributed to the filter composition, matrix and the volume of water filtered through Po and 210 (Buesseler et al. 1998; Moran et al. 1999; Benitez-Nelson et al. 2001; Rutgers van der Loeff et al. 2006) . Because the pore sizes of all the filters used in this study are nominal, it is very likely that a fraction of the particulate matter could also be caught in the second filter. Note that the activities in the back-up filter of the GFF filter in aerosol studies are comparable (~25% of the 210 Pb in the first filter was found in the back-up filter, summarized in Baskaran 2011; Turekian and Cochran 1981; Turekian et al. 1989 ) to the present study, and thus, it appears that the nature of the pore size (nominal versus absolute cutoff) could be the major reason for finding relatively significant activity in the back-up filter. Other possibilities include retention of colloidal fraction on the bottom filter, particles smaller than the nominal pore size of the filter passing through the top filter, and breakdown of the particulate matter from the first filter going to the second filter. There is a strong correlation between the activities retained on the filters F 1 and F 2 for 210 Po (r = 0.94, n = 15, Fig. 3 ), but poor correlation (r = 0.27) for 210 Pb. This can be due to constant fractional amount of removal in F 1 and F 2 of 210 Po-laden biogenic particulate matter. In this case, the total 210 Po activity can be calculated using the following equation (Eq. 1):
Total activity = Activity in Filter -1 /(1 -F 2 /F 1 )
where F 1 and F 2 are the 210 Po activity in the first filter (top) and second filter (bottom), respectively (Baskaran et al. 2009b ).
It appears that the extent of retention of (Table 3) .
Comments and recommendations:
The TEI community in GEOTRACES has recommended the use of polysulfone Supor filter based on factors such as low blanks, faster filtration rate, ease of handling, and high level of recovery (e.g., Cullen and Sherrell 1999) . However, groups that investigate POC export flux studies using a small-volume 234 Th b counting method, have recommended QMA filters due to lower b blank and measurements of C, N on the same filter (Rutgers van der Loeff et al. 2006) . As a compromise on the flow rate and low blanks and faster filtration rates, we recommend that future inter-comparison of particulate (and dissolved) samples between laboratories should always be on the same type of filter. We recommend using Supor 0.4 µm filter for the measurements of particulate 
